We study the possibility of discovering neutral scalar Higgs bosons in the U (1) ′ -extended supersymmetric standard model (USSM) at the CERN Large Hadron Collider (LHC), by examining their productions via the exotic quark loop in the gluon fusion process at leading order. It is possible in some parameter region that the neutral scalar Higgs bosons may have stronger couplings with the exotic quarks than with top quark. In this case, the exotic quarks may contribute more actively than top quark in productions of the neutral scalar Higgs bosons in the gluon fusion process. We find that there is indeed some parameter region in the USSM that support our speculations.
I. INTRODUCTION
Enlarging the Higgs sector of the Standard Model (SM) and studying its phenomenology have been one of the hot subjects for both theoretical and experimental physicists. The primary motivation to enlarge the SM Higgs sector is to solve the naturalness problem, which is essentially how to avoid the quadratic divergence in radiative corrections to the Higgs boson mass arising from the SM particle loops. One of the most attractive solutions to the naturalness problem is provided by the supersymmetry (SUSY), in which the loop corrections of the SM particles are cancelled by the loop corrections of their superpartners [1] [2] [3] . In this context, the SUSY is regarded as a gateway to new physics at TeV scale.
Among a number of supersymmetric extensions of the SM, the simplest one is the minimal supersymmetric standard model (MSSM), which possesses only two Higgs doublets. The superpotential of the MSSM should contain a mixing term between the two Higgs doublets, proportional to µ of TeV or lower scale, in order to generate the right size of the electroweak symmetry breaking. The parameter µ has mass dimension, sometimes regarded as a drawback of the MSSM [4] . This is the so-called µ problem of the MSSM, which may be solved by introducing an extra Higgs singlet in addition to the two Higgs doublets of the MSSM [5, 6] . A number of nonminimal supersymmetric standard models have at least one Higgs singlet in their Higgs sectors, where the parameter µ of the MSSM is replaced in terms of the vacuum expectation value (VEV) of the Higgs singlet field.
These nonminimal supersymmetric standard models may be divided into two classes according to whether their gauge groups contain an additional U(1) ′ or not. A representative example of those models that have no additional U(1)
′ may be the next-to-minimal supersymmetric standard model (NMSSM) [7] [8] [9] [10] [11] [12] [13] [14] [15] . The minimal non-minimal supersymmetric standard model (MNMSSM) also has no additional U(1) ′ , where the global U(1) Peccei-Quinn symmetry is explicitly broken by means of the tadpole term of the Higgs singlet [16] [17] [18] [19] [20] . On the other hand, there is the U(1) ′ -extended supersymmetric standard mode (USSM) as a typical example of those models that have additional U(1) ′ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The USSM may emerge from the superstring-inspired E 6 model, which has two additional U(1) symmetries besides the SM gauge group. These two U(1) symmetries are linearly mixed to yield the desired U(1) ′ , where the mixing angle is denoted as θ E . For θ E = 0, the USSM is called as the χ-model. Similarly, it is called the ψ-model for θ E = π/2, the η-model for tan −1 (− 5/3), and the ν-model for tan −1 ( √ 15). A characteristic of the superstring-inspired E 6 model is that it possesses naturally an extra pair of SU(2) singlet quarks, D k andk R , with electric charge −1/3 and +1/3, respectively. These exotic quarks are introduced in order to fill in the fundamental 27 representation of E 6 . They may participate in the USSM phenomenology, if they are sufficiently light.
At the Large Hadron Collider (LHC), the dominant production mechanism for the SM Higgs boson with a mass below 1 TeV is the gluon fusion process which is mediated through a top quark loop [39] [40] [41] [42] . This production depends directly on the coupling of the Higgs boson to a top quark pair. In the same manner, the light exotic quarks of the USSM may take part in the Higgs productions at the LHC.
We study in this article the Higgs productions of the USSM at the LHC via gluon fusion process through the exotic quark loop at the leading order. The masses and the mixing matrix of the neutral scalar Higgs bosons are calculated using the effective potential approximation at the one-loop level, by considering radiative corrections due to the top quarks, bottom quarks, exotic quarks and their superparticles. For the gluon fusion process, both the top quark loop and the exotic quark loop are studied for the productions of the neutral scalar Higgs bosons in the USSM. It is found that the lightest neutral scalar Higgs boson in the USSM may couple dominantly to a top quark pair when the relevant parameters have certain values. In this case, the lightest scalar Higgs boson would produce dominantly through the gluon fusion process via a top-quark loop at the LHC. At the same time, one of two heavier scalar Higgs bosons couples strongly to an exotic-quark pair because of an orthogonality of the transformation matrix. In this scenario, the gluon-fusion process via an exotic-quark loop on the production of the heavier scalar Higgs boson is more dominant mechanism than that via a top-quark loop.
II. THE HIGGS SECTOR
The Higgs sector of the USSM consist of two Higgs doublets,
2 ), and a neutral Higgs singlet, S. There are therefore ten real degrees of freedom. For simplicity, we take only the third generation of quarks into account. Then, the superpotential for the Yukawa interactions in the USSM for quarks and the exotic quarks may be expressed as
where ∆t = A t − λs cot β ,
and the dimensionless function g is defined as
Likewise, we obtain the one-loop contributions from the bottom quark sector, M b , as
where
and we obtain the one-loop contributions from the exotic quark sector, M k , as
Note that similar calculations have been performed for the case of explicit CP violation elsewhere to obtain the mass matrix for the neutral Higgs bosons in the USSM, which depends on CP phases. If the CP phases be zero, the above results are consistent with the previous article [32] . In order to obtain analytical expressions for the eigenvalues of M, one has to solve a complicated cubic equation. We sort the masses of the scalar Higgs bosons on increasing order such that m S 1 ≤ m S 2 ≤ m S 3 , where S i (i = 1, 2, 3) are three neutral scalar Higgs bosons in the USSM, and m S i (i = 1, 2, 3) are their corresponding masses. The orthogonal transformation matrix, O, which is related to the eigenvalues of M as diag(m
T MO, with the orthogonal condition, O T O = 1. The upper bound on the lightest scalar Higgs boson mass at the one-loop level may be obtained analytically by observing that the smallest eigenvalue of a symmetric matrix is smaller than the smaller eigenvalue of its upper-left 2 × 2 submatrix [8] . Thus, we have
where the first three terms come from V 0 while the remaining terms come from V 1 . Note that there is no explicit appearance of the renormalization scale in the above formula for the upper bound on the lightest scalar Higgs boson mass, but it may depend on the renormalization scale implicitly through other relevant parameters.
HIGGS PRODUCTION
At the LHC, it is expected that signals for the SM Higgs boson would be produced copiously. The dominant production mechanism for the SM Higgs boson is the gluon fusion process, where a pair of gluons are fused into a triangular shaped fermion loop that would eventually decay into the SM Higgs boson, φ. It may be described as
The role of the fermion loop is to mediate the couplings between the gluon pair and the SM Higgs boson. For the SM, the gluon fusion process is in effect activated by the top quark loops alone, since the coupling between the SM Higgs boson and other fermions are negligible as compared to the coupling between the SM Higgs boson and top quark.
In supersymmetric models, other fermions may take part in the gluon fusion process to produce the scalar Higgs bosons. For example, in the MSSM, the coupling between the lightest neutral scalar Higgs boson and bottom quark can be strong for large tan β, and thus the gluon fusion process via bottom quark loop may be enhanced.
The USSM has additional fermions, that is, the exotic quarks. In principle, the exotic quarks also may take part in the gluon fusion process. In practice, it depends on their masses if the exotic quarks can play a dominant role or not. For certain values for relevant parameters of the USSM, the exotic quarks may have masses comparable to the electroweak scale, and in this case the production of scalar Higgs bosons through the gluon fusion process via the exotic quark loop may become important for Higgs search at the LHC. Let us consider in more detail this possibility.
The gluon fusion process in the USSM at the LHC may also be described as
where S j (j = 1, 2, 3) are the neutral scalar Higgs bosons in the USSM. The relevant parts of interaction Lagrangian between the neutral scalar Higgs bosons and top, bottom, and the exotic quark pairs are given as
where O ij are the elements of the orthogonal transformation matrix that diagonalizes M, the mass matrix for the neutral scalar Higgs bosons. Thus, the coupling coefficients of the neutral scalar Higgs bosons to relevant quark pairs are easily obtained as
In terms of these coupling coefficients, the cross section for production of the neutral scalar Higgs bosons at the LHC through the gluon fusion process via relevant quark loops can be calculated. In particular, we are interested in the exotic quarks. Let us study the gluon fusion process where the exotic quark loops are involved. The renormalization and factorization scales are taken to be the neutral scalar Higgs boson mass. At parton level, two gluons are annihilated into a neutral scalar Higgs boson via the exotic quark loop. The leading-order calculation for the gluon-gluon annihilation into S j (j = 1, 2, 3) yieldŝ
whereŝ is the square of the c.m. energy of two gluons, α s (m S j ) is the strong coupling constant evaluated at m S j , τ = 4m
is the scaling variable, and the function f(τ ) is defined as
In order to calculate the production cross section of the neutral scalar Higgs bosons in proton-proton collisions at the LHC, we need to foldσ j (ŝ) with the gluon distribution functions. Thus, the desired cross section at hadronic level is obtained by integrating the cross section at parton level over the gluon luminosity [44, 45] as 
III. NUMERICAL ANALYSIS
For numerical analysis, we need to set the values of relevant parameters in the USSM. The masses of the third generation are set as m t = 175 GeV and m b = 4 GeV. For the mass of the exotic quark with electric charges ±1/3, the Run 1 data from Tevatron have set the lower bound as 190 GeV [46] . Recently, the search for long-lived charged massive particles at Tevatron Run I data put a more stringent experimental lower bound of 180 GeV on the exotic quark mass at the 95 % confidence level [47] . We would like to set m k = 400 GeV for our analysis.
Since the effective U(1) ′ chargesQ i always go together with the U(1) ′ gauge coupling constant [33] , let us define the modified U(1) ′ charges as Q i = g ′ 1Q i . They satisfy Q i = 0, which can easily be seen from the U(1) ′ gauge invariance condition Q i = 0. The modified U(1) ′ charges receive strong experimental constraints from the experimental bounds on the extra gauge boson mass m Z ′ and on the mixing angle between the two neutral gauge boson |α ZZ ′ |. In this article, we set the values of the modified U(1) ′ charges as Q 1 = −1, Q 2 = −0.1, and Q 3 = 1.1, which are picked up from the experimentally allowed area in the (Q 1 , Q 2 )-plane by using m Z ′ > 600 GeV and |α ZZ ′ | < 2 × 10 −3 [33] . The other parameters are set as tan β = 10, λ = 0.5, s = m Q = m K = 500 GeV, and A t = 1000 GeV. We allow the pseudoscalar Higgs boson mass may vary within 200 ≤ m A (GeV) ≤ 1000. The numerical integrations are performed through the gauss integration function of the CERN program library. For the gluon distribution functions, we use the PDF library of the CTEQ6M [40, 41] . For the above set of parameter values, we have m S 1 ≈ 138 GeV. It is roughly stable against the variation in the pseudoscalar Higgs boson mass. The masses of the other two neutral scalar Higgs bosons are estimated to be 200 < m S 2 (GeV) < 788 and 793 < m S 3 (GeV) < 1000. We note that the upper bound on m S 1 is estimated to be about 156 GeV as we explore reasonable ranges of the parameter space in the USSM with the SUSY breaking scale of 1 TeV. This value of the upper bound on m S 1 at the one-loop level may be compared with that of the MSSM, where the upper bound on the mass of the lighter one of two neutral scalar Higgs bosons is about 135 GeV.
Let us introduce for convenience R t j and R k j as
where t and k stand for top quark and the exotic quark, respectively. These two coefficients are directly proportional to σ ), respectively. Also, they are proportional to the coupling coefficients of S j to top quarks and the exotic quarks. Therefore, by analyzing the behavior of these coefficients, we may study the possibility of the productions of the neutral scalar Higgs bosons in the USSM at the LHC.
It is observed that S 1 couples strongly to a top quark pair if its mass is large. Thus, for m S 1 ≈ 138 in our case, we have O For S 1 productions at the LHC, the gluon fusion process via top quark loop is definitely dominant over the process via the exotic quark loop, for the whole parameter ranges we consider. We see that σ t 1 ≈ 10 4 fb whereas σ k 1 is negligibly less than 2 fb for m S 1 ≈ 138 GeV. On the other hand, for S 2 and S 3 productions at the LHC, the gluon fusion process via the exotic quark loop may be comparable to or more dominant over the process via top quark loop, for some parameter ranges. In Fig. 2 , one can see that σ k 2 > σ t 2 for 710 < m S 2 < 788 GeV. The most interesting case is the S 3 productions. For the whole parameter ranges we consider, i.e., for the whole range of m S 3 from 793 GeV to 1000 GeV, we have σ k 3 is larger than σ The cross sections for S j productions in the USSM may be compared with the MSSM Higgs searches. There are two neutral scalar Higgs bosons, denoted as h and H, in the MSSM, Some years ago, Spira and his colleagues have calculated the production cross sections of these neutral scalar Higgs bosons through the gluon fusion process for tan β = 1.5 by including some QCD corrections to the production process and by considering the two-loop corrections to the MSSM Higgs sector [40, 41] . The result for the h production cross section is 80 pb for m h ≈ 80 GeV, and the results for the H production cross sections are 10 pb for m H ≈ 200 GeV, 0.02 pb for m H ≈ 800 GeV, and 0.05 pb for m H ≈ 1000 GeV. Compared with these numbers, the results of our numerical analysis indicate that the LHC may be possible to compare the predictions between the MSSM and the USSM, and test experimentally the contributions of the exotic quarks to the productions of the neutral scalar Higgs bosons in the USSM through the gluon fusion process.
One might argue that our numerical numerical analysis is based on a specific choice of parameters. However, it may well be expected that the contribution of the exotic quarks to the production of one of the heavier neutral scalar Higgs bosons may be equal to, or larger than, the contribution of the top quarks, for a wide parameter space. The stringent bounds on the Z-Z ′ mixing require the parameter s to be rather as large as 500 GeV. Therefore, one of the neutral scalar Higgs bosons is predominantly SU(2)-singlet, and its coupling to top quarks is suppressed. Since, at the same time, we choose a large value for the Yukawa coupling of the Higgs singlet to the exotic quarks as h k = 0.8, it is not surprising at all that the exotic quarks give a sizeable contribution to the production of the scalar Higgs boson that is predominantly singlet.
IV. DISCUSSIONS
The main purpose of this article is to emphasize the exotic quark effects on the scalar Higgs productions via the gluon fusion process. For experimental examinations of these effects, the Higgs decay modes in the USSM need to be investigated in detail, since the decay of the Higgs boson into a gluon pair is affected by the exotic quarks through their triangular loop. Comprehensive investigations are under way. Here, we would like to make a few preliminary remarks. The Higgs decay into a fermion pair is usually more dominant if the fermion is heavier, since the coupling of the Higgs bosons to a fermion pair is proportional to the fermion mass. Thus, the Higgs decay into a pair of bottom quarks is most dominant for a wide area of the relevant parameter space if the Higgs boson is lighter than 130 GeV, and the Higgs decay into a pair of gauge bosons is more dominant than the other decay modes if the Higgs boson is heavier than 130 GeV.
In the USSM, the coupling of the Higgs boson to a fermion pair also significantly depends on tan β and O ij , besides the fermion mass. In our numerical analysis, the Higgs decays into a fermion pair depend weakly on tan β, as we take an intermediate value for it:tan β = 10. However, the dependence of the Higgs decays into a fermion pair on O ij still persists. Since O 2 21 ≈ 1 and the coupling of the lightest scalar Higgs boson to a pair of bottom quarks is small, G bbS 1 ∼ O 11 ≈ 0, for the parameter region we consider, the coupling of the lightest scalar Higgs boson to a pair of charm quarks would be stronger than that to a pair of bottom quarks, Therefore, in the parameter region we consider, where the mass of the lightest scalar Higgs boson is around 138 GeV, the lightest scalar Higgs boson might dominantly decay into a pair of charm quarks or a pair of W bosons.
The Higgs decays into a gluon pair is generally not negligible if the Higgs boson mass is around 138 GeV. For the lightest scalar Higgs boson, the effect of the exotic quarks through the triangular loop is not significant at all, since R k 1 is 10 3 times as small as R t 1
as one can easily notice in Fig. 1 . Thus, the decay of the lightest scalar Higgs boson via the triangular loop of exotic quark into a gluon pair is negligible. For the heavier scalar Higgs bosons, their decays into a gluon pair via the triangular loop of the exotic quark is considerably significant since R k i (i = 2, 3) is comparable with R t i . It is always important, as well as interesting, to distinguish the Higgs bosons in the USSM from those in such models as the SM or the MSSM. We expect that it is rather easy to distinguish the lightest scalar Higgs boson in the USSM from the SM Higgs boson, in the parameter region we consider, since the decay patterns between them are very different. The SM Higgs boson exhibits that it decays more dominantly into a pair of bottom quarks than into a pair of charm quarks. On the other hand, the lightest scalar Higgs boson in the USSM shows an opposite decay pattern, in the parameter region we consider.
However, distinguishing the lightest scalar Higgs boson in the USSM from the corrsponding one in the MSSM might be very difficult, if their decay patterns are similar. In this case, the search for the heavier Higgs bosons would be useful in order to distinguish the USSM from the MSSM. In particular, as Fig. 1 shows, the decay modes of the heaviest scalar Higgs boson via the triangular loop of exotic quarks into a gluon pair in the USSM might be strong because R k 2 is comparable with R t 2 . The qualitative results of our analysis remains the same if we choose other parameter sets. To be specific, let us take Q 1 = 0.9 and Q 2 = 0.025 for the modified U(1) ′ charges of the Higgs doublets and singlet, instead of Q 1 = −1 and Q 2 = −0.1 (Q 3 = −Q 1 − Q 2 ) which lead to Fig. 1 and Fig. 2 , These values for Q 1 and Q 2 are consistent with the experimental constraints on both α ZZ ′ and m Z ′ , for s = 500 GeV and tan β = 10.
For these values of Q 1 = 0.9 and Q 2 = 0.025, where the values of other parameters are the same as in Figs. 1 and 2 , we obtain R 
V. CONCLUSIONS
The Higgs sector of the USSM is studied at the one-loop level by taking into account radiative corrections due to top, bottom, and the exotic quarks, and their superpartners, in order to examine the possibility of discovering one of the neutral scalar Higgs bosons in the USSM at the LHC. A characteristic difference of the USSM from the MSSM is that there are exotic quarks in the USSM. If the masses of these exotic quarks are a few hundred GeV, it would be difficult to see direct signals of them at the LHC. However, they may manifest themselves as intermediate states in the production processes of other particles. A clear candidate may be the gluon fusion process for the production of the neutral scalar Higgs bosons, where fermion loops are engaged as intermediate states. In the SM, as well as in the MSSM, the gluon fusion process is predominantly activated by a top quark loop. In the USSM, it is possible that the exotic quark loop may also be involved, and the contributions of the exotic quark loop to the gluon fusion process may be significant as compared to the contributions due to top quark loop.
Indeed, the possibility depends on the values of the relevant parameters of the USSM. The parameter region we explore are tan β = 10, λ = 0.5, s = m Q = m K = 500 GeV, and A t = 1000 GeV. The mass of the pseudoscalar Higgs boson of the USSM, m A , is allowed to vary from 200 GeV to 1000 GeV, and the mass of the exotic quark m k is set as 400 GeV. All parameters and VEVs are assumed to be real. In this parameter region, the masses of the three neutral scalar Higgs bosons of the USSM at the one-loop level are estimated to be m S 1 ≈ 138 GeV, 200 < m S 2 (GeV) < 788 and 793 < m S 3 (GeV) < 1000. These masses lie within the experimentally allowed bound set by the LEP II data as well as the Tevatron data [48] [49] [50] .
The result of our analysis on the productions of these neutral scalar Higgs bosons shows that the exotic quarks in the USSM are competitively important for the gluon fusion process. For S 1 productions, the gluon fusion process via top quark loop yields exceedingly larger cross sections than the one via the exotic quark loop, for the parameter region we consider. However, we find that, for S 2 productions, the gluon fusion process via the exotic quark loop may yield larger cross sections than the one via top quark loop, when S 2 becomes more massive than 710 GeV. For S 3 productions, exotic quarks are more important than top quark for the gluon fusion process, for the entire parameter region we explore.
In conclusion, the exotic quarks in the USSM may help the neutral scalar Higgs bosons in the same model to be discovered through gluon fusion process at the LHC. To discover a neutral scalar Higgs boson at the LHC and identify it as the USSM one would be very supporting evidences for supersymmetry and E 6 gauge group, as well as a strong constraint upon the parameter space of the USSM.
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